Background. Vitamin B 12 deficiency during pregnancy and lactation may negatively affect fetal growth, brain development, pregnancy outcome, and breastmilk vitamin B 12 content.
Introduction
Vitamin B 12 deficiency during pregnancy may negatively affect fetal growth and brain development and contribute to maternal anemia [1] . Moreover, vitamin B 12 deficiency in pregnant women may adversely affect pregnancy outcome and the growth and development of the predominantly breastfed infant, as the breastmilk of mothers consuming predominantly vegetarian diets may have low vitamin B 12 concentrations [1] .
The Nutrition Collaborative Research Support Program (NCRSP) was an ambitious three-country longitudinal study of energy intake and human function in rural Kenya and two other countries [2] , with main hypotheses dealing with outcomes of mild and moderate malnutrition on human function. Data on Kenyan women's vitamin B 12 status during pregnancy and lactation, as well as maternal food intake, maternal nutritional and hematologic status, maternal reproductive outcomes, and the offspring's growth and development from 0 to 6 months were obtained as part of the NCRSP and provided an opportunity to examine the presence and impact of vitamin B 12 deficiency on breastmilk vitamin B 12 concentrations and other outcomes. These outcomes were not part of the main study hypotheses. Vitamin B 12 deficiency was suspected in pregnant women and their offspring because of extremely low maternal intake of animal-source foods, especially meat and milk, and the presence of macrocytic anemia in this sample. Available breastmilk samples provided the opportunity to measure breastmilk vitamin B 12 concentration longitudinally in a subsample of 98 out of 138 postpartum women and to examine possible effects on the growth and development of their young infants. The nutrition situation in this rural Kenyan location has remained largely unchanged based on relatively recent data from school-aged children and their families in the same area [3] .
Vitamin B 12 deficiency during pregnancy not only adversely affects the mother, with possible macrocytic anemia, but it may also adversely affect the infant's brain development. Results from older maternal-fetal transport studies in animals show that only vitamin B 12 newly absorbed from the diet is readily transported across the placenta, with available maternal stores of vitamin B 12 not readily mobilized [4] . During the time the infant is being exclusively breastfed, breastmilk is the only source of vitamin B 12 . If the vitamin B 12 content of breastmilk is insufficient to meet the infant's needs, vitamin B 12 deficiency may develop [5, 6] . Breastfed infants of strictly vegetarian mothers are especially prone to vitamin B 12 deficiency, as vitamin B 12 is deficient in plant-based diets with negligible animal-source foods [7, 8] . People on long-term vegetarian diets have low vitamin B 12 stores [9] . Vitamin B 12 deficiency in breastfed infants of vegetarian mothers has been reported previously [10] [11] [12] [13] . Vitamin B 12 concentrations in breastmilk have been found to be lower in women consuming strict vegetarian diets [14] than in those consuming omnivorous diets [15] . Low levels of vitamin B 12 in breastmilk have been found among Guatemalan lactating women, with signs of vitamin B 12 deficiency found among their breastfed infants [16] . Allen et al. [17] also found low breastmilk vitamin B 12 concentrations (< 362 pmol/L) in 62% of rural Mexican women (n = 50), with a mean concentration of 390 ± 236 pmol/L. Adequate amounts of vitamin B 12 in breastmilk are found only if there is significant maternal intake of vitamin B 12 . Therefore, even mothers who have recently become vegetarians and who have no hematologic, biochemical, or clinical evidence of vitamin B 12 deficiency may place their breastfed infants at risk for deficiency [18] .
Vitamin B 12 deficiency may increase the risk of hematologic, neurologic, cognitive, and metabolic disorders in infants and children. Symptoms may include anemia, muscle weakness, loss of tendon reflexes, and psychomotor regression. Severe neurological symptoms and decreased head circumference of infants with severe vitamin B 12 deficiency demonstrate the importance of this vitamin in brain growth and development [12, 19, 20] . Symptoms of vitamin B 12 deficiency may not become apparent until later in infancy, with physical and psychomotor delays not apparent until after 6 months of age [5] . Several case studies demonstrate the loss of previously attained developmental milestones in vitamin B 12 -deficient infants breastfed by strictly vegetarian mothers [21, 22] . Fortunately, immediate neurologic improvements were achieved after administration of vitamin B 12 supplements, with full recovery after several weeks of a diet adequate in vitamin B 12 .
The purpose of the study was to identify possible relationships between low vitamin B 12 intake of women during pregnancy and lactation, their breastmilk vitamin B 12 concentration, pregnancy outcome, and growth and development of the women's breastfed infants for the first 6 months of life. Because of the design of the NCRSP study, it was not possible to follow infants beyond 6 months of age.
Methods

Subjects
The study took place in Embu District of Eastern Province, Kenya, a rural semimountainous area 120 km northeast of Nairobi, with fieldwork conducted from 1984 to 1986 and analyses performed from 1987 to 1991. Most of the 2,059 households in the 60-km 2 area belonged to the Embu tribe, which is composed of subsistence farmers raising mainly maize, beans, and a few cash crops. Households own few or no livestock, mainly goats. Families consumed little or no animal-source foods. Small quantities of cow's or goat's milk were consumed occasionally, mainly in tea. Women were enrolled in the study during the first and second trimesters of pregnancy, and 138 were followed throughout pregnancy and the first 6 months postpartum. A subsample of 98 of the 138 women and their infants were followed through 6 months of lactation. Enrollment procedures and data collection methods have been previously described in detail [2] .
Food intake
Food intake data were collected by a quantitative weighing method plus some dietary recall from the intake of the previous night. Food prepared and consumed by the mother and the infant (if any) was measured by using direct weighing and volume measurement of ingredients and cooked dishes. When direct measurement was not possible, food intake was estimated by quantitative recall using real food models and premeasured household containers. The mother's food intake was assessed monthly from the time of enrollment to 6 months of lactation. Food intake was recorded for two consecutive days per month in each of the study households. Food composition tables based on biochemical analyses of the main local foods consumed and other values from relevant published food tables were created [23] .
Infants' intake of breastmilk was estimated every 2 months by mothers' recall of the frequency and duration of breastfeeding episodes throughout the 24 hours of a given day. Estimates of total breastmilk volume per feeding were based by proxy on a quantitative breastmilk intake study in a contiguous area of Embu where pre-and postnursing weights of the infant were obtained to estimate breastmilk intake by a well-respected, experienced research team (the Royal Institute of Tropical Medicine, Netherlands, and the Medical Research Center, Kenya) [24] . No such data were available for Embu, since time and budgetary restrictions did not allow pre-and post-breastfeeding weighing of infants.
Anthropometry
Anthropometric measurements for the Kenya NCRSP are well established, highly standardized, and have been thoroughly described [2, 25, 26] . Duplicate measurements were obtained by two independent observers for each measurement. If preset limits were exceeded, a pair of measurements was repeated and the last set of values was averaged. Standardization tests and retraining sessions were held periodically throughout the project.
Maternal anthropometric measures included height, weight, and mid-upper-arm circumference (MUAC). Mid-arm muscle area was calculated using the following formula: (MUAC -(π -TSF)) 2 divided by 4π. A stadiometer was used for height measurements, and the results were rounded to the nearest 0.1 cm. Weight was measured with a lever scale, rounding to the nearest 0.1 kg. Body mass index (BMI) of the mothers was calculated by dividing the weight in kilograms by the square of the height in meters.
Gestational age for each infant was assessed by a trained neonatal nurse within 3 days after delivery using the clinical Dubowitz scale [27] . At birth, each infant was examined by a physician or nurse for any physical problems. Infant length was measured with a portable wooden measuring board with a fixed Lucite headpiece and a sliding footpiece; readings were made to the nearest 0.1 cm at birth and at monthly intervals. The infants were weighed without clothing on a lever balance. The scales were calibrated before each session. At birth and at monthly intervals, head circumference was measured by placing a metric fiberglass tape at the maximal circumference of the head above the ears and recorded to the nearest 0.1 cm. Quality control was performed on a 5% to 10% sample for each of the above measurements, with excellent agreement between the "expert" and the field staff measurements.
Hematology
Blood samples were obtained by physicians using disposable needles, syringes, and lancets. Maternal fasting venous blood samples and infants' capillary blood samples were obtained and stored in tubes with ethylenediaminetetraacetic acid (EDTA) as the anticoagulant. Hemoglobin was determined by the cyanohemoglobin method using a Coleman spectrophotometer. All hemoglobin concentrations were adjusted for altitude. Daily spectrophotometer calibration was performed with a known standard and blank, and a curve was drawn. Duplicate readings were taken, and results were reported to the nearest 0.1 g of hemoglobin per deciliter. Blood smears were stained and examined for red blood cell morphology, hypersegmented neutrophil nuclei, and detection of malaria parasites. Quality control for hemoglobin, red cell count, red cell indices, and differential white cell count determination was performed on a 5% to 10% subsample measured on the automated Coulter counter in the Hematology Laboratories at Kenyatta Teaching Hospital in Nairobi once a week. There was a high level of agreement.
Breastmilk collection and analysis
Breastmilk samples were collected into chemically cleaned glass containers during morning hours in the middle of nursing episodes by hand expression and stored in a light-protected cold box. The samples were frozen as soon as possible and then shipped from Kenya to the University of California at Berkeley for analysis. Over the 6-month observation period, 98 women provided 294 breastmilk samples, with three samples from each woman from the first week to the sixth month of lactation. The majority of infants were exclusively breastfed for 3 to 4 months and were then usually given dilute maize porridge, with small amounts of cow's or goat's milk added occasionally. Analyses of breastmilk for vitamin B 12 concentrations were conducted on samples collected during the time periods < 1 month, 1 to 4 months, and 4 to 6 months of lactation.
Analyses were conducted using the competitive binding isotope dilution method, which was considered the state-of-the-art method for vitamin B 12 measurement at the time the study was conducted. Vitamin B 12 content was measured by radioassay following digestion with papain to release the bound cobalamin from the R binder after thorough vortex mixing [14] . Extensive recovery analyses were performed by adding known quantities of cobalamin to the samples. Recoveries were found to be high and consistent from sample to sample. Normal ranges for vitamin B 12 in breastmilk for US women have been determined to be between 500 and 1,000 pg/mL [28] . Values determined for lowincome vegetarian women in the United States range between 500 and 750 pg/mL [29] . In the Kenya NCRSP, < 500 pg/mL was considered the cutoff for low values.
Neurocognitive and behavioral assessments
The Brazelton Neonatal Behavioral Assessment Scale (BNBAS) [30] was administered within the first 72 hours of life, mostly in the infant's home, to assess newborn neurobehavioral status. Training of cognitive enumerators and the neonatal nurse and administration of the BNBAS have been previously described in detail [25] . The BNBAS scale consists of 26 behavioral and 20 reflex items grouped into six behavioral clusters and one reflex cluster [31] . The six behavioral clusters are habituation (response decrement to repeated stimulation), orientation (response to animate and inanimate stimuli and overall alertness), motor organization (integrated motor acts and motor tone), range of state (rapidity, peak, and lability of state changes), regulation of state (infant's efforts to modulate state), and autonomic regulation (signs of physiological stress). To derive the behavioral clusters, the curvilinear scale items are rescored as linear, with higher scores indicating better performance. However, for the reflex cluster, which includes the total number of abnormal reflex scores (e.g., nystagmus, tonic neck reflex, ankle clonus), higher scores indicate poorer performance. A 5% subsample was repeated for purposes of quality control, with a high percentage of agreement.
The Bayley Motor Scale was administered to the infants at 6 months in their homes in the presence of their mothers. Testing was done by cognitive enumerators working in pairs. The Bayley Motor Scale is designed to provide a measure of the degree of control of the body, coordination of the large muscles, and fine manipulatory skills of the hands and fingers [32] . Because standardization of the Bayley Motor Scale has never been done in Kenyan infants, raw scores rather than US-based developmental quotients were used. Quality control measures on 10% of the sample showed a high percentage of agreement between the project field psychologist and the enumerators.
Human subjects protection assurance
Approval by the University of California Los Angeles Human Subjects Protection Committee, the Ethics Committee of the University of Nairobi, School of Medicine, and the Office of the President of Kenya was obtained prior to commencing the study. Written informed consent was obtained from mothers who were able to read and write; otherwise, oral informed consent was obtained and witnessed by another adult person. Community permission was also obtained from the District Commissioner and from the community as a whole during meetings convened by the chiefs and subchiefs.
Statistical analyses
Descriptive statistics were used to summarize the characteristics of the sample. Simple and partial correlations and linear regression analyses were conducted to examine the relationship between maternal vitamin B 12 intake during pregnancy and newborn length, weight, head circumference, gestational age at birth, and BNBAS. The association between maternal vitamin B 12 intake and vitamin B 12 levels of breastmilk was analyzed by simple linear regression models. Correlation analyses were also used to determine the association between vitamin B 12 levels in breastmilk and supplemental foods and infant anthropometric measurements and between vitamin B 12 in breastmilk and Bayley Motor Scores at 6 months, controlling for birthweight and gestational age at birth. Statistical significance was specified as p < .05. All analyses were conducted with SAS.
Results
Food intake and anthropometry of mothers and infants
Marked initial decreases in women's mean daily intake of kilocalories during pregnancy were observed, with subsequent increases during lactation. Table 1 provides a profile of maternal daily nutrient intake in the Kenya NCRSP women. Overall, the diets of these women were low in fat, animal-source protein (including milk), vitamin B 12 , riboflavin, zinc, and vitamin A, which reflected their low or absent consumption of meat, poultry, and fish. Ninety percent of pregnant and lactating women ingested less than two-thirds of the recommended intake of vitamin B 12 . Folate intake was deficient (< ⅔ of the recommended intake) in 23% of pregnant women and 4% of lactating women. Prepregnancy BMI in the sample of 138 women was generally below the 50th percentile for BMI-for-age (21.2 ± 2.7 kg/m 2 ) [33] . The women's pregnancy weight gain (6.3 ± 0.5 kg) was approximately half of what is recommended and observed for US women [34] , with 8% showing neither weight gain nor loss during pregnancy and a smaller percentage (3.2%) showing weight loss. Maternal fatfolds and lean body mass (assessed by mid-arm muscle area) declined in the third trimester overall.
The infants had a mean birth length of 49.3 ± 2.3 cm and a mean birthweight of 3.1 ± 0.47 kg, both approximately at the 50th percentile of the World Health Organization (WHO) length-for-age and weight-forage curves [35] . Low birthweight (< 2,500 g) was present in 10% of the sample, with 77% of these considered to have intrauterine growth restriction (IUGR) (< 10th percentile of weight-for-gestational age at birth). Infants with IUGR were more common than infants with low birthweight appropriate for gestational age. IUGR was present in 16% of all live births. The mean head circumference at birth was 35.93 cm, which is approximately at the 85th percentile of the WHO headcircumference-for-age curves [36] .
The infants were breastfed on demand day and night. Minimal supplemental feedings were introduced during the second and third months of life and increased in quantity by 4 to 6 months in all infants. Supplemental foods included maize or millet gruels, which were sometimes fermented. The average daily nonbreastmilk intake for infants from 0 to 6 months was 220 kcal, and the average vitamin B 12 intake was 0.20 ± 0.33 μg/day. This is approximately half of the recommended intake of vitamin B 12 for this age group (0.4 μg/day) [37] . The infants grew an average of 13.8 cm and gained an average of 3.7 kg during the first 6 months of life. Head circumference increased on average by 7.12 cm from birth to 6 months of age.
Hematologic findings of mothers and infants
Hemoglobin levels during pregnancy indicated that 40% of women were anemic (hemoglobin ≤ 11 g/dL). Ten percent of the women had evidence of macrocytic anemia by microscopy and erythrocyte indices using the Coulter counter. Of these, 4% had hypersegmented polymorphonuclear (PMN) nuclei on microscopy.
The results for infant hemoglobin and red blood cell morphology showed values that ranged from slightly below normal to normal for this age group. Fifteen percent of infants had low hemoglobin values, while 5% and 2% showed signs of microcytic and macrocytic anemia, respectively. Plasmodium falciparum malaria is endemic in the area.
Pregnancy outcomes
IUGR and stillbirths were correlated with maternal macrocytic anemia and hypersegmentation of PMN nuclei (Pearson's correlation r = 0.19 to 0.21, p < .05, n = 56 to 96). Women with vitamin B 12 deficiency during pregnancy had more IUGR infants and stillbirths than women who were not vitamin B 12 deficient. No significant associations were found between maternal vitamin B 12 intake during pregnancy and infants' attained length, weight, or head circumference at birth. A negative correlation (r = -0.19, p = .05) was found between maternal vitamin B 12 intake during pregnancy and newborn BNBAS reflex scores after controlling for gestational age at birth. Lower reflex scores indicate higher performance as infants mature and neonatal reflexes diminish (table 2).
Vitamin B 12 levels in breastmilk
Vitamin B 12 values in breastmilk samples were found to be very low (165 ± 10 pg/mL) in this subsample of lactating women ( fig. 1) . Vitamin B 12 concentrations were higher in the samples taken from weeks 1 to 4 than in subsequent samples. A marked drop in vitamin B 12 concentration occurred after 1 month, but no seasonal, dietary, or time-related changes were seen after this initial decrease (table 3) .
Maternal vitamin B 12 intake for the period from 0 to 1 month postpartum did not predict the breastmilk vitamin B 12 content based on regression analysis (table 4). In contrast, 20% of the variation of vitamin B 12 content in breastmilk can be explained by maternal vitamin B 12 intake during the period from 1 to 4 months postpartum, and 26% by maternal vitamin B 12 intake from 4 to 6 months postpartum. Effect estimates were strongest for the period from 4 to 6 months.
Infant outcomes at 6 months of age
No significant correlations were found between vitamin B 12 levels in breastmilk and infants' anthropometric measurements at 6 months. However, infants' vitamin B 12 intake from supplemental foods was significantly and positively correlated with infants' length at 6 months of age (r = 0.229, p = .026). No significant associations were found between infants' vitamin B 12 intake from breastmilk and supplemental sources and components of the Bayley Motor Scale at 6 months of age (r = -0.037, p = .82).
Discussion
Pregnant and lactating women whose diets contain negligible or no animal-source foods are at increased risk for vitamin B 12 deficiency, and some are at increased risk for macrocytic anemia. Moreover, lactating women with low vitamin B 12 intake are likely to produce breastmilk with low vitamin B 12 content. Because breastmilk comprises most of the diet for these 0-to 6-month-old infants in rural Kenya, they are at increased risk for developing vitamin B 12 deficiency. Physical and brain growth and development and hematologic status may be adversely affected [12, 19, 20] . Moreover, vitamin B 12 -deficient pregnant women are at risk for giving birth to IUGR infants and stillbirths, as seen in our study and others [40, 41] . This may be due to the potential association between vitamin B 12 deficiency and elevated plasma homocysteine, which has been linked to increased risk of adverse pregnancy outcomes, including stillbirth and low birthweight [40, 42] . A small but significant association between maternal vitamin B 12 intake during pregnancy and infant neurobehavioral status measured by BNBAS reflex scores was also observed in our study. The lower the maternal vitamin B 12 intake, the higher the reflex score, which is indicative of poor performance (these reflexes should be decreasing early in life). Also, the presence of macrocytic anemia and hypersegmented PMN nuclei, albeit in a small percentage, was seen in both the mothers and the infants. This could also be due to folate deficiency, but given that 90% of the mothers had deficient intakes of vitamin B 12 , as compared with 23% with deficient intakes of folate, we consider vitamin B 12 deficiency to be the main cause of this anemia.
Other studies of breastfed infants of vegan mothers have shown arrest in growth and delayed psychomotor development, as measured by BNBAS, and other neurologic abnormalities [6, 12, 43] . In a longitudinal follow-up of six infants with nutritional vitamin B 12 deficiency, failure to thrive, associated with marked developmental regression and poor brain growth, as well as long-term cognitive consequences, was observed [20] . Linguistic and psychomotor delay can be long-lasting, even after treatment [13] . A recent study in India found an association between maternal vitamin B 12 status in pregnancy and cognitive function of the offspring at 9 years of age [44] . The onset of neurodevelopmental signs and symptoms is often not readily seen in the first 6 months of life but appears later in childhood. Given the intrauterine effects and the long-term consequences of vitamin B 12 deficiency in infants, early diagnosis, treatment, and prevention are essential in pregnancy and lactation to prevent poor outcomes for the mother and the infant.
The higher initial levels of vitamin B 12 in breastmilk in the first month of lactation seen in our study are low when compared with US [28, 38] and Japanese [39] populations but are comparable to levels documented among vegetarian populations in India [45] . Our finding that the breastmilk concentration of vitamin B 12 decreased as lactation progressed is supported by previous research in Japan and New Zealand [39, 46] .
Although supplemental feeding of infants with cow's or goat's milk may supply some vitamin B 12 , as shown in our study, it would be preferable to improve and supplement the mothers' diets rather than supplement infants under 4 to 6 months of age. Early supplementation of infants with other foods could endanger exclusive or near-exclusive breastfeeding; thus, maternal vitamin B 12 should be improved by encouraging mothers to consume more animal-source foods of a wide variety, such as animal milk, fish, fowl, mollusks, insects, etc., and by giving vitamin B 12 supplements in cases of severe deficiency. The results presented in the final reports of the Kenya NCRSP [2, 25] indicated that families with higher incomes had higher vitamin B 12 intakes due to a higher consumption of animal protein.
Transfer of vitamin B 12 to breastmilk is dependent on current consumption of vitamin B 12 in the maternal diet. The mothers in our study had lower values of vitamin B 12 in their breastmilk even at 6 months of lactation. Therefore, because of the strong association between maternal vitamin B 12 intake and breastmilk vitamin B 12 content, improvement of the diet of lactating women with vitamin B 12 -containing animal-source foods and possibly maternal supplementation with vitamin B 12 supplements is warranted, particularly when macrocytic anemia is present. Although fermented foods are commonly included in the diet in many countries, these only add minimal, if any, amounts of vitamin B 12 .
Limitations
An improved method for measuring vitamin B 12 levels in breastmilk, which releases the vitamin B 12 from haptocorrin, has been developed since the analyses of breastmilk vitamin B 12 levels were conducted for this study [47] . Unfortunately, it is not possible at this date to reassess the breastmilk samples using this current, more accurate method. However, the best practices at the time for releasing and measuring vitamin B 12 were followed, including using papain digestion and recovery of known added quantities of cobalamin, with highly consistent results. Several other published studies have utilized similar methods [38, 46] .
The breastmilk vitamin B 12 concentration values we report may appear to be overestimates in comparison with a study in Guatemala that measured breastmilk vitamin B 12 concentrations at one time point (12 months postpartum), showing concentrations of ≤ 50 pmol/L (approximately ≤ 68 pg/mL) in women with vitamin B 12 deficiency confirmed by serum analysis [48] . However, it is important to note that direct comparisons of breastmilk vitamin B 12 concentrations at 12 months of lactation with those in our samples obtained from 0 to 6 months postpartum may not be appropriate. Several studies have documented decreases in breastmilk vitamin B 12 concentration over time during lactation [38, 39, 46] . The decreased vitamin B 12 concentration over time shown by our data appears consistent with the trends reported in those studies. Although our study did not include analysis of serum vitamin B 12 levels, we found evidence of morphologic macrocytic anemia in 10% of women, and intake of bioavailable vitamin B 12 from dietary sources was very low [2, 25] . Twenty-three percent of the breastmilk samples had vitamin B 12 concentrations under 50 pg/mL, which appears to be consistent with low intake levels and evidence of macrocytic anemia.
The negative effects of maternal vitamin B 12 deficiency may not be readily seen in the first months of life but may appear later on, showing the need for a longer follow-up for infants. Older infants are the ones who become symptomatic except in cases of very severe deficiency. Financial considerations of the study precluded following the infants past 6 months of age. Although this study was carried out in the late 1980s and early 1990s, we feel that the longitudinal nature of the study following pregnant and lactating women and their offspring and the findings are of current importance and interest, particularly in view of the global promotion of exclusive breastfeeding for 4 to 6 months.
Conclusions
Vitamin B 12 deficiency in rural Kenyan women, both during pregnancy and during lactation, had an impact on pregnancy outcomes and early infancy. Maternal anemia was associated with IUGR and stillbirths. Infants' reflexes and maternal pregnancy vitamin B 12 intake were negatively associated. Breastmilk vitamin B 12 concentration was higher in the first month postpartum, then fell to low levels comparable to those found among strict vegetarians. The challenge is to include vitamin B 12 -containing foods in maternal diets during pregnancy and lactation and not feed infants supplementary foods during the first 6 months of age, thus protecting exclusive breastfeeding.
